This article reports on the field trials of a membrane-free amperometric microelectrode dissolved oxygen sensor, which were performed during oceanographic cruise D279 of RRS Discovery. The sensor was used to obtain full depth oxygen profiles while mounted on a wire-operated CTD (conductivity, temperature, depth) instrument. A stable performance was achieved by carefully designed electrochemical cleaning conditions of the sensing platinum microdisk cathode. The flow issues inherent to moving probes were resolved by a novel stop-flow cell fitted with a pumping system for sample exchange and flow control. The details of the sensor operation, calibration, and construction, including the flow control system, are described. The sensor response is validated by calibration and by an analytical approach that yields oxygen data directly from the current readings. The accuracy of the microelectrode response is critically assessed using Winkler titrations on bottle samples taken during the relevant sensor deployments. The results lead to the conclusion that due to high accuracy, fast response time, and lack of membrane-related problems the device is particularly suitable for moving probes and high spatial resolution water column oxygen profiling.
Dissolved oxygen (DO) measurements are of great importance in oceanography. DO levels can give vital information on biological processes, water masses mixing, and movements. Long term DO monitoring at multiple locations worldwide helps to understand biogeochemical processes and complex ocean atmosphere interactions. This understanding leads to the refinement of climate models and prediction of climaterelated changes to the outgassing of oxygen from the oceans (Joos et al. 2003) .
The most reliable method to determine DO concentration is based on chemical analysis proposed by Winkler (1888) . This method is used as a reference when evaluating DO sensors in many oceanographic studies because of its unrivalled accuracy and precision. However, the method is laborious, excluding it from high spatial and temporal resolution in situ measurements. For this purpose, two main classes of in situ DO sensing devices are currently employed in marine research: electrochemical and optical. The great majority of electrochemical sensors are membrane-covered amperometric probes based on the original idea of Clark et al. (1953) . Their applications to measurements in aquatic systems have been reviewed (Taillefert et al. 2000) .
In the particular case of vertical profiling where the sensor is mounted on a CTD (conductivity, temperature, depth) probe, SBE-43 (Sea-Bird Electronics) is the device most widely used. A common problem with the membrane-covered probes is their sensitivity to pressure. The diffusivity of oxygen within the membrane is strongly affected by pressure and temperature changes. Increased pressure causes very significant signal losses when measurements are performed at larger depths (up to 50% signal loss at pressure corresponding to the depth of 5000 m [Atkinson et al. 1996] ). Some of these problems were resolved by the new SBE-43 design, however pressure hysteresis still remains an issue for depths beyond 1000 m. The membranes are also sensitive to mechanical factors and biofouling and need to be replaced regularly. Nevertheless, Clark type microelectrodes based on the original design of Baumgärtl and Lübbers (1973) and their modifications (e.g., with incorporated guard cathode [Revsbech 1989 ]) were used in situ to obtain high resolution vertical oxygen profiles in sediments research (Archer et al. 1989; Glud et al. 1994; Gundersen and Jorgensen 1990; Reimers et al. 1986 ). Modified version of this microelectrode was also employed to perform shallow (0-10 m) fresh waters profiling on a probe moving at 10 cm s -1 (Oldham 1994 and in coastal waters, where the sensor was lowered in steps of 5 m, and the readouts were taken while the instrument was stationary (Gundersen et al. 1998) . Significantly less work has been published on the application of unshielded electrodes in natural waters. Luther and co-workers, in a series of papers (Brendel and Luther 1995; Luther et al. 1998; Luther et al. 1999; Luther et al. 2001; Moore et al. 2007; Xu et al. 1998) , presented development and field deployments results of a sensor operating in voltammetric mode. The sensor used an amalgamated gold microelectrode and was used to simultaneously detect dissolved oxygen, Fe, Mn, and total S(-II). Voltammetric mode and multiple species detection are in many respects beneficial, but also result in increased response time. A complete measurement including linear scan voltammetry, square wave voltammetry, and electrode-conditioning steps lasted around 3 min. Moreover, the sensitivity to flow remains a problem. Bare metallic electrodes were used also in amperometric mode by Atkinson (1988) for vertical CTD profiling. Profiles in shallow waters were obtained with a thick gold film multicathode probe. However, the sensor was sensitive to flow and the cathode lifetime in seawater was limited to only a few days. Another approach included the use of a microhole array sensor Thomas and Atkinson 1995) reported earlier by Morita and Shimizu (1989) . The cathode consisted of an array of platinized carbon fibers, each of them lying at the bottom of ~50 μm deep recesses, which made the response much less sensitive to flow. The sensor presented a good response time (t 99 = 2 s), especially in comparison with membrane covered probes . However, at the same time, it suffered from long turn-on time and drift.
Optical sensors (optodes) have recently received much attention as oxygen probes, in particular, those based on luminescence quenching (Demas et al. 1999) . They possess numerous advantageous features, making them the most common alternative to electrochemical devices. With regard to the use of optodes in oceanographic research, the initial studies (Stokes and Somero 1999) showed very good pressure behavior: < 1% signal variation, not correlated with pressure, in the range 0-275 dbar. The evaluation of optodes commercially available from Aanderaa Data Instruments, Norway, was also recently reported (Tengberg et al. 2006) . The data collected in a range of field trials showed high accuracy (± 2 μM) and excellent stability of the response (over 20 months).
The current performances of optical and electrochemical DO sensors are still unsatisfactory for applications on CTD profilers. The main concern is the response time with typical values ranging between 15 and 30 s (Daly et al. 2004) , with the exception of needle type sensors available from Unisense, Denmark (<1 s), which are in our own experience too sensitive to shock and vibration to perform reliably on a free falling CTD (1-2 m s -1
). Moreover, their use for full depth profiling is problematic due to the presence of membrane and drift (Oldham 1994; Revsbech 1983) . The state of the art of DO sensing in oceanography was recently critically assessed at the Alliance for Coastal Technologies (ACT) Workshop on DO Probes. It was concluded that the response time should be better than 10-20 s (90% of response) for general profiling and 1 s (99% response) for ship-based profiling, and the sensor endurance should exceed 2 y (ACT, 2006) . Thus, there is a renewed need for the development of durable, accurate, and fast DO sensors for oceanographic measurements.
In this paper, we present the results of a field evaluation of a membrane-free microelectrode DO sensor for CTD profiling. This amperometric sensor works on the well-established principle of oxygen reduction at platinum microdisks. The intrinsic sensitivity of unshielded electrodes to flow is resolved by the introduction of a stop-flow cell in conjunction with a solenoid pump. The proof of the method was recently published (Sosna et al. 2007) , describing the sensor performance in laboratory conditions. Here, we present the details of the sensor prototype for in situ oceanographic measurements. The data collected during an oceanographic cruise are compared with on-board precision Winkler titrations.
Materials and procedures
Measurement principle-Like all existing amperometric DO probes, the presented sensor is based on the reduction of oxygen at the electrode surface. Under neutral pH conditions, the following reactions occur on the cathode upon applying a suitable potential:
The reaction pathway, direct (1), or with hydrogen peroxide as intermediate (series pathway) (2) followed by (3), is primarily dependent on the cathode material. Moreover, if the series pathway is present, the contribution of reaction (3) is affected by the mass transport conditions, as part of H 2 O 2 generated in reaction (2) can diffuse away before it is further reduced to water (Pletcher and Sotiropoulos 1993) .
Due to the unique properties of microelectrodes (Fleischmann et al. 1987; Montenegro et al. 1991) , it is possible to rapidly obtain a steady state current (limiting current, i lim ) directly proportional to DO concentration. For a microdisk geometry, which is used throughout this work, the limiting current is described by Eq. 4: (4) where n app is the apparent number of electrons transferred during the oxygen reduction reaction, F the Faraday constant, D the oxygen diffusion coefficient, c O2 the dissolved oxygen concentration, and a the microdisk radius. When a platinum microdisk is used as a cathode, n app can vary between 2 and 4 depending on the electrode size (Pletcher and Sotiropoulos 1993 
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basis of the analytical equation, n app has to be predetermined for a given electrode and under conditions analogous to the field measurements. This can be achieved by the microdisk calibration and is described in detail elsewhere (Sosna et al. 2007 ).
Calibration performance-The calibration of the sensor in the laboratory was performed using a purposely designed calibration system, where the absolute oxygen concentration was determined by Winkler titration and the increments were achieved by automated dilution.
The field calibration was performed by fitting microelectrode limiting currents to the DO values of water samples from Niskin bottles. On-board oxygen determination was made by automated Winkler titration using SIS Dissolved Oxygen Analyser, SIS DOA (SiS Sensoren Instrumente Systeme GmbH) with an accuracy of 0.1% (http://www.sisgermany.com/doa.htm, accessed 25 Oct. 2006). DO concentrations (c O2 ) can be expressed as a function of the limiting current recorded at a microdisk as shown in Eq. 5 (Sosna et al. 2007 ): (5) where Δα j is a parameter related to the component of free energy of activation of diffusing solute due to species j (Akita 1981 ), x j is the molar fraction of species j, D w is the oxygen diffusion coefficient in water at temperature T, and V and V w are the molar volumes of solution and water, respectively. This can be simplified to Eq. 6: (6) where (7) and is an Arrhenius type correction for temperature effects on D. After rearranging Eq. 6, a linear function of ln(i lim /c O2 ) vs 1/T is obtained: (8) Subsequently the limiting currents, c O2 from Winkler titrations and temperature values, are used to construct the plot, and E a and A are obtained from the least squares linear fit. Once extracted from the data of the first sensor deployment, these parameters were later used to calculate DO concentrations from i lim for all remaining casts.
An alternative method for calculating DO concentrations was also examined. In this approach, the field calibration is not required, and c O2 is calculated solely on the basis of analytical Eq. 5. The required parameters were determined in the laboratory experiments (a, n app ) or obtained from the literature (D w ). The salinity, temperature, and pressure data from other CTD sensors served to correct the value of D w for changes in solution viscosity. For details of this data treatment, the reader is referred to our previous publication (Sosna et al. 2007 ) and references cited therein.
Sensor design-A cross-section of the sensing head is depicted schematically in Fig. 1 . Microelectrodes were constructed using soda glass capillaries and the contact with the thick connecting copper wire was made with indium or silverloaded epoxy. Particular attention was paid not to leave any gas bubbles inside the glass that could result in electrode breaking under increased pressure. The microwire was sealed by the slow movement of a heating coil around the glass capillary connected to a vacuum line. After the connection with the copper has been made the remaining empty portion of the capillary was filled with epoxy resin and the whole electrode body was subsequently integrated within a block of epoxy for further pressure protection.
The anode was constructed from a copper tube mounted around part of the epoxy block. Its concentric configuration provides shielding for the microelectrode from interference from other instruments on the CTD. Copper was chosen as an anode material for several reasons. In the seawater environment Cu is resistant to corrosion thanks to the formation of a protective film on its surface. The film consists of several copper compounds and their relative quantity depends on chloride concentration, oxygen availability, and general physical conditions (Kear et al. 2004 ). The film formation on fresh Cu is fast-the amount of dissolved copper in the surrounding solution decreases 100 fold within 1 h after immersion (Tuthill 1987) . The multilayer film on the copper surface is solely the result of copper/seawater chemistry and gives a stable reference potential. Neither the composition nor the potential are affected by the very small current density on the copper anode (nA cm -2 ) resulting from electrochemical processes occurring at the microdisk cathode. Copper is also resistant to biofouling, which is very desirable when the electrode is routinely deployed in biologically rich waters. This anti-fouling effect is a consequence of the presence of Cu(I) and Cu(II) species, which are strong cytotoxic agents (Li and Trush 1993) . In addition, the cost and the ease of Cu mechanical processing are important factors. It has to be stressed that the anti-fouling effect does not extend to the platinum cathode. The electrochemical cleaning procedure used to maintain its activity is described later in the article.
To eliminate the flow sensitivity, a specially made Perspex cell was mounted on the electrode head (Fig. 2) . A thin channel within the Perspex block leads to the electrode and further to the solenoid pump (model 120SPI, Bio-Chem. Valve) fitted downstream (the pump is contained in an appropriate pressure balanced housing). Each time the pump is activated 50 μL of fresh seawater is sucked into the sample chamber adjacent to the microelectrode. When the pump is not working, it acts as a valve, the solution within the channel and the chamber is stagnant, and the measurement can be performed without the influence of the convective mass transport. The fixture of the stop-flow cell makes the current path between the electrodes far from ideal. However, due to the very small currents recorded with the microelectrode (typically nA) and the high conductivity of the medium, there are no differences in the position and magnitude of the oxygen reduction voltammetric wave when compared with electrodes positioned very close to each other. Moreover, in this arrangement, one can avoid the presence of dissolved copper species in the vicinity of the microdisk, which could be deposited simultaneously with oxygen reduction, impairing the catalytic properties of platinum toward the oxygen reduction reaction.
The sensor electronics are contained in a pressure housing and are used to control the potential between the electrodes and to amplify the measured current. The electronics also control the pump and ensure synchronization between both electrode and pump cycles (see below for details). A photograph of the complete sensor assembly is shown in Fig. 3 .
Sensor operation-A two-potential sequence is applied to the electrodes repetitively from the moment of CTD immersion to its retrieval on board of the research ship. The key features of the operations are shown in Fig. 4 . The cathode is first cleaned by holding the potential at 0.8 V versus the Cu anode for 1 s, then the potential is switched to -0.45 V versus Cu for 12 s to sense dissolved oxygen. This potential cycle was found to yield very stable response over extended periods of continuous operation (Sosna et al. 2007 ). Pump activation is synchronized with the potential steps affecting the microelectrode. Each time, the potential is switched to the cleaning potential the pump is activated to exchange the seawater sample. Five pump cycles (250 μL) lasting in total 2.5 s are sufficient to replace the volume contained in the sample chamber. The signal distorted by the pump work is discarded and only the last 2 s of the steady-state current are sampled and recorded for further analysis. CTD profiling-Vertical water column profiling was performed with a Sea-Bird 9/11 plus CTD system. The system holds a rosette with 24 Niskin bottles (10 dm 3 each). The instrumentations include pressure sensor, temperature, and conductivity sensors. The pressure, temperature, and conductivity data were acquired at 24 Hz. The whole instrumentation package was operated from an on-board winch, and its velocity in the water column was between 1 and 1.5 m s -1 . After immersion, the CTD was brought to a depth of approximately 10 m and held at this depth for 2-3 min to check the operation of the instruments and to allow for stabilization. This time was also sufficient for the microelectrode output to stabilize. Following this procedure, the CTD was retracted to the surface and the profiling commenced.
All sensor deployments were performed during the RRS Discovery cruise D279. The cruise took place between 4 April and 10 May 2004 as a part of the James Rennell Division Core Strategic Programme "Ocean Variability and Climate" and a contribution to the project "Monitoring the Atlantic Meridional Overturning Circulation at 26.5°N" (part of NERC directed programme RAPID Climate Change). The main objectives were to measure the circulation across 24.5°N and to calculate the transport of heat, freshwater, oxygen, nutrients, chlorofluorocarbons, and carbon into the North Atlantic.
In all the deployments during cruise D279 a sensor prototype equipped with 12.5 μm radius Pt microdisk was used. The sensor was mounted on the CTD fin with the sample inlet directed perpendicularly to the CTD movement direction. c O2 -depth profiles were recorded for CTD stations 118-125. The time, location and maximal depths of these stations are summarized in Table 1 .
Assessment
Calibration-The data recorded during the deployment at station 118 was used to determine parameters E a and A for Eq. 6, and these values were subsequently used to determine DO concentrations from the sensor output. The plot of ln(i lim /c O2 _ Winkler ) vs 1/T is presented in Fig. 5 . The DO concentrations for station 119 calculated with Eq. 6 and using the determined E a and A are compared with the Winkler data in Fig. 6 . A mean difference of c O2 of -0.6 μM and standard deviation (SD) of 3.4 μM were found for these two sets of data.
Extending the analysis to casts 119 to 125 using the calibration based on the data from cast 118, yielded a mean variation of -0.6 μM with a standard deviation of 3.8 μM. The details including DO variations and standard deviations for these CTD deployments are presented in Table 2 . Since the DO concentration varied significantly within the cast and between deployments (100 -300 μM), it is more convenient to use the relative deviations instead of the absolute values. Thus, the statistical data are given in μM as well as in percentage (referred to bottle DO concentrations determined by Winkler titrations). Overall, the standard deviation of the calibrated data ranges from 3.1 to 4.6 μM with an average of 3.8 μM. This can be treated as the accuracy of the microelectrode sensor, provided the field calibration was performed. Significantly lower values of the mean difference suggest that the deviation is dominated by random errors rather than systematic errors (the mean difference for all casts ranges from -2.5 to 1.1 μM). The corresponding relative errors are: average mean difference -0.4% and standard deviation 2.2%. Also presented in Table 2 are statistical data for DO concentrations obtained using the analytical approach, Eq. 5, developed previously (Sosna et al. 2007 ). Significantly larger deviations were found when the DO concentrations were calculated solely on the basis of analytical equations and parameters obtained under laboratory conditions. The following values were taken for the calculations: oxygen diffusion coefficient in water D w(298) = 2.16 × 10 -5 cm 2 s -1 (Ho et al. 1988) , n app (298 n indicates the number of bottles for each CTD station.
-12.4 μM, averaging at -7.8 μM) was observed to be correlated with the standard deviation (5.8 to 10.2 μM, averaging at 7.9 μM), which points to a systematic error resulting from the choice of parameters taken for calculations (e.g., the value of D w used).
The average standard deviation of 3.6% (ranging from 2.8% to 4.6%) indicates excellent microelectrode performance. Moreover, the fact that these results follow closely the DO values determined by titration further supports the analytical approach that we reported previously. The relative deviations for all the CTD casts as a function of depth are also plotted in Fig. 7 . One can notice the most significant deviations when the CTD is stopped at the maximal depth of a particular station. This trend is not fully understood but is believed to be related to the external flow due to horizontal movements of stopped CTD, when the cable is at full stretch. The convective origin of the increase of the limiting current is further supported by other observations, which are reported in the following section.
Response stability-A set of c O2 depth profiles obtained with the microelectrode sensor (based on the calibration) are presented in Fig. 8 . Superimposed are the DO concentrations determined by titration of the bottled samples at discrete depths. For ease of comparison, the profiles are offset by 30 μM from each other. From station 118 to 125, the profiles decrease in depth as the research ship approached the African continental shelf. DO concentrations for all profiles were calculated using parameters obtained from the first cast. The figure clearly shows that the calibration performed using Winkler titration on the samples taken in cast 118 held throughout all subsequent sensor deployments. The deviations of the experimental data from the bottles as a function of station number are plotted in Fig. 9 . No evident trend is observed, indicating the absence of any drift of the microelectrode response.
It has to be emphasized that the microelectrode was not treated in any way between the deployments. To maintain a consistent performance, only electrochemical cleaning (i.e., the short steps to positive potentials) was applied. When on board, the sensor was powered down, and usually, the electrode was left to dry. The sensor was re-powered every time the probe was submersed. An excellent cast-to-cast reproducibility proves that the applied pulse sequence is capable of maintaining a stable response (26 h period, 8 deployments) .
The above data analysis is limited to upcasts. The complete deployment data (Fig. 10) consistently showed the influence of the probe movement on the measured microelectrode limiting current. A significant hysteresis between up-and downcasts is clearly noticeable. The sensor overestimates the DO concentrations only on the CTD descent. This overestimate is more pronounced at the surface and decreases with time (and depth). The source of this error is not clear, but recirculation or trapped bubbles in the flow cell and changes to the electrode surface on deck are possible causes that require further investigation. Moreover at large depth (>1700 m), the sensor response is affected (increase in the limiting current, which corresponds to oxygen concentration changes of up to 5 μM) when the CTD slows down and then stops to fire a Niskin bottle (see inset in Fig. 10 ). These observations point to imperfections of the stop-flow cell/pump assembly and are thought to result from horizontal CTD movements, which produce convection toward the microelectrode; convection particularly enhanced by the conical shape of the sample inlet.
Discussion, comments, and recommendations
The presented field data show that platinum microelectrodes combined with an optimized potential step sequence and a flow control system are capable of producing high quality DO profiles during CTD deployments. The sensor is particularly suitable for applications requiring fast response times and for moving probes where the external flow is an issue. Moreover, the sensor requires no maintenance and pressure and fouling problems common to membrane covered electrochemical devices are excluded.
The stop flow system provides a straightforward way to eliminate flow sensitivity, although some fine-tuning is still required to remove the remaining effects of the probe movement (e.g., redesigning the flow chamber inlet and/or positioning the microdisk further downstream rather than facing the inlet). In addition, the solenoid pump used in the system is characterized by low power consumption and thus suitable for field applications. The potential waveform used gives DO concentration readings every 13 s, which translates into a spatial resolution of approximately 13 m for a CTD moving at 1 m s -1 . These settings were deliberately used to achieve the limiting current at the microdisk, and therefore, the possibility to calculate DO concentrations solely on the basis of analytical equations. However, when independent standards (i.e., Winkler titrations on bottled samples) can be used to perform the calibration of the microelectrode response, the potential waveform can be significantly shortened to improve the profile resolution. Further improvements can be made by employing a smaller microelectrode (more rapid achievement of the limiting current) and minimizing the sample chamber volume (shorter time required to flush).
The electrochemical cleaning procedure is sufficient to maintain stable sensor response over extended periods of operation. Although the field performance data presented here is limited to only 26 h, no apparent drift of the sensor output was observed. More importantly, DO concentrations followed very closely the reference data obtained with onboard Winkler titration on the bottled samples. Using the parameters from the field calibration, the overall standard deviation from the bottle data were 2.2% with the mean difference of only -0.4%. While the main goal in this research was CTD profiling, the sensor can be successfully used in other oceanographic applications. The immunity to flow suggests its potential use on autonomous or remotely operated vehicles, and towed probes. Continuous monitoring on moorings, buoys, and floats can also be envisaged. In these "stationary" applications, the flowrelated effects will be far less significant, thus one can expect improved sensor performance. For reliable CTD profiling, the cell-pump assembly will require further optimization to completely eliminate the effect of convection. Improvements are needed in understanding of the CTD movement when stopped or decelerating and of the influence of pressure gradients on pump performance. Nevertheless, the sensor performance in the laboratory and in the field strongly suggests that microdisk electrodes will allow oxygen measurements that are nearly as easy and routine as temperature measurements.
